Calcium signaling results from a complex interplay between activation and inactivation of intracellular and extracellular calcium permeable channels. This complexity is obvious from the pattern of calcium signals observed with modest, physiological concentrations of calcium-mobilizing agonists, which typically present as sequential regenerative discharges of stored calcium, a process referred to as calcium oscillations. In this review, we discuss recent advances in understanding the underlying mechanism of calcium oscillations through the power of mathematical modeling. We also summarize recent findings on the role of calcium entry through store-operated channels in sustaining calcium oscillations and in the mechanism by which calcium oscillations couple to downstream effectors.
Calcium signaling results from a complex interplay between activation and inactivation of intracellular and extracellular calcium permeable channels. This complexity is obvious from the pattern of calcium signals observed with modest, physiological concentrations of calcium-mobilizing agonists, which typically present as sequential regenerative discharges of stored calcium, a process referred to as calcium oscillations. In this review, we discuss recent advances in understanding the underlying mechanism of calcium oscillations through the power of mathematical modeling. We also summarize recent findings on the role of calcium entry through store-operated channels in sustaining calcium oscillations and in the mechanism by which calcium oscillations couple to downstream effectors.
C alcium ions participate in a multiplicity of physiological and pathological functions. Among the most intensely studied, and the major focus of this article, is the role of Ca 2þ as a cellular signal. Elevations in cytoplasmic Ca 2þ mediate a plethora of cellular responses, ranging from extremely rapid events (muscle contraction, neurosecretion), to slower more subtle responses (cell division, differentiation, apoptosis). In contrast to most cellular signals, it is a relatively simple matter to observe changes in cytoplasmic Ca 2þ in real time in living cells. As a result, the truly complex nature of Ca In the majority of laboratory experiments examining effects of various stimulants on Ca 2þ signaling, supramaximal concentrations of activating agonists are employed resulting in rapid, robust, and often sustained increases in cytoplasmic Ca 2þ . It has long been appreciated that these signals result from a coordinated release of intracellular stores and increased Ca 2þ influx across the plasma membrane (Bohr, 1973; Putney et al. 1981) . The intracellular release of Ca 2þ most commonly results from the Ca 2þ releasing action of the phospholipase C-derived second messenger, inositol 1,4,5-trisphosphate (InsP 3 ) (Streb et al. 1983) , whereas the entry of Ca 2þ is because of the activation of store-operated channels in the plasma membrane (Putney 1986) . However, it is becoming increasingly clear that these large sustained elevations seldom occur with physiological levels of stimulants. Rather the more common pattern of Ca 2þ signaling, in both excitable and nonexcitable cells is a pattern of periodic discharges and/or entry of Ca 2þ . In excitable cells, such as the heart for example, these may be comprised of, or initiated by regenerative all-or-none plasma membrane channel activation, the Ca 2þ action potential (Tsien et al. 1986 ) with amplification by intracellular Ca 2þ release (Fabiato 1983) . In nonexcitable cells, these spikes of cytoplasmic Ca 2þ arise from regenerative discharge of stored Ca 2þ , a process generally termed Ca 2þ oscillations (Prince and Berridge 1973; Woods et al. 1986 ). Like Ca 2þ action potentials, these all-ornone discharges of Ca 2þ represent a form of excitable behavior of the intracellular Ca 2þ release signaling mechanism. However, because it is not possible to easily monitor and control the transmembrane chemical and biophysical parameters, as is the case for excitable plasma membrane behavior, it has been more difficult to fully understand the basic mechanisms by which these Ca 2þ oscillations arise. Thus, although the question has been exhaustively studied for well over twenty years, there is still uncertainty and controversy over the underlying processes that give rise to Ca 2þ oscillations. A number of reviews have discussed these issues at some length (Berridge and Galione 1988; Rink and Jacob 1989; Berridge 1990; Petersen and Wakui 1990; Berridge 1991; Cuthbertson and Cobbold 1991; Meyer and Stryer 1991; Hellman et al. 1992; Tepikin and Petersen 1992; Thomas et al. 1992; Dupont and Goldbeter 1993; Keizer 1993; Sneyd et al. 1994; Li et al. 1995; Thomas et al. 1996; Shuttleworth 1999; Lewis 2003; Dupont et al. 2007 ). In the current treatment, we have chosen to focus on two important aspects of Ca 2þ oscillations. First, we review the available evidence for various computational models of Ca 2þ oscillations that employ a quantitative approach to validate or repudiate specific mechanisms. Second, we consider the interrelationship between Ca 2þ oscillations and plasma membrane Ca 2þ influx mechanisms, with the view that we may learn more of the physiological function that these intracellular discharges of Ca 2þ provide.
COMPUTATIONAL MODELS FOR Ca 2þ OSCILLATIONS
Since the first observations of Ca 2þ oscillations, the experimental investigation of their molecular mechanism has been accompanied by numerous modeling approaches. One of the reasons for this is that rhythmic phenomena are known to rely on specific, nonlinear feedback processes that cannot readily be fully approached by intuitive and qualitative reasoning. Likewise, cAMP oscillations, circadian rhythms, cell cycle-related variations of the activity of cyclin associated kinases or the tumor-associated p53/mdm2 loop are other oscillatory phenomena in biology whose investigation largely benefits from a modeling approach (Goldbeter 2008) . In the field of Ca 2þ dynamics, modeling was also promoted by the fact that cytosolic Ca 2þ was initially the only measurable variable of the system. This also prompted investigators to use modeling to identify the main messenger responsible for intra-or intercellular wave propagation when those spatially organized phenomena were reported in a variety of cell types (Thomas et al. 1996; Dupont et al. 2007 ). More recently, sub-cellular Ca 2þ increases because of the opening of a small number of Ca 2þ channels have also been simulated computationally. In this case, models offer the possibility to make the link between properties of the channels measured with electrophysiology and their behavior in the cytoplasm. In addition, simulations are required to understand how the regularity that is observed at the whole cell level (oscillations and waves) can emerge from the random behavior inherent to any ion channel.
One of the most attractive features about models is their ability to make experimentally testable predictions. That Ca 2þ oscillations can occur in the presence of a constant level of InsP 3 and that the self-amplification of Ca 2þ release from the ER into the cytoplasm lies at the basis of Ca 2þ oscillations was for example first predicted theoretically (Goldbeter et al. 1990 ). This regulation is known as Ca 2þ -induced Ca 2þ release (CICR). However, this early model assumed that Ca 2þ oscillations require the existence of 2 types of pools, some sensitive to InsP 3 and others possessing RyR and thereby sensitive to Ca 2þ . This turned out not to be necessary as the InsP 3 R is itself sensitive to both Ca 2þ and InsP 3 . In the past 20 years, many computational models have been developed. They differ by the precise oscillations that they aim to describe, as determined both by the cell type and by the agonist. Models also vary according to the level of description, from microscopic (in which case stochastic modeling must be used) to macroscopic (corresponding to a deterministic description). Another, somewhat intermediate level of description allowing one to take easily spatial and stochastic aspects into account is known as "threshold models" (see below). In each case, several models differing by the specific underlying assumptions have been proposed. Such a classification is presented in Table 1 , together with some typical models in each category. Although in this review we focus on InsP 3 -regulated Ca 2þ oscillations, we have also indicated in Table 1 models for Ca  2þ oscillations because of plasma-membrane voltagegated Ca 2þ channels or ryanodine receptors. Such models should be kept in mind when investigating InsP 3 -induced Ca 2þ increases, especially in view of the fact that they could provide a secondary oscillatory mechanism in some cell types. For example, in pancreatic acinar cells (Ventura and Sneyd 2006) or airway smooth muscle cells (Wang et al. 2008) ; the interplay between InsP 3 R and RyR plays a major physiological role. (Bezprozvanny et al. 1991; Finch et al. 1991) , models that describe the changes of states of this receptor can on their own account for Ca 2þ oscillations. Such InsP 3 R-based models are numerous and mainly differ by their level of details, the most detailed being useful to dissect the quantitative effect of possible changes in kinetic constants and affinities. The simplest ones allow for a better understanding of the essence of the observed phenomena, as exemplified by the early CICR model mentioned above (Goldbeter et al. 1990 ). As another example, simplified models point to the fact that for oscillations to occur, activation by Ca 2þ has to be much faster than inhibition. Some of these InsP 3 R-based models are indicated in Table 1 (class: InsP 3 R, constant InsP 3 ) and readers should turn to (Sneyd and Falcke 2005) for a more comprehensive review of this type of model. All of these models face a common problem: the period of Ca 2þ oscillations is imposed by the time taken by the receptor to recover from Ca 2þ -induced inhibition. However, this rate constant has been estimated experimentally to be of the order of approximately 10 seconds in vitro (Finch et al. 1991; Combettes et al. 1994) and of a few seconds in vivo (Fraiman et al. 2006) . These time delays are significantly shorter than the observed periods of Ca 2þ oscillations that frequently exceed 1 minute. Thus, modeling here brings to light a clearly important limitation in our understanding of the mechanism of Ca 2þ oscillations. Such a discrepancy could either be explained by the existence of an additional control of the InsP 3 R activity, such as agonist-induced PKA-dependent phosphorylation (LeBeau et al. 1999) or InsP 3 -induced inactivation (Hajnó czky and Thomas 1994), or suggest that although CICR at the level of the InsP 3 R has the potential to generate oscillations, it is not the main oscillatory mechanism in vivo. Periodic variations in the concentration of InsP 3 could indeed also drive Ca 2þ oscillations, in which case the period would be imposed by the rates of InsP 3 metabolism (right column in Table  1 ). This assumption was in fact at the basis of some early models for agonist-induced Ca 2þ oscillations (Meyer and Stryer 1988; Cuthbertson and Chay 1991) . In both models, cytosolic Ca 2þ and InsP 3 act as cross-catalytic messengers because InsP 3 triggers Ca 2þ release from the ER, which in turn activates InsP 3 synthesis because PLC is assumed to be stimulated by physiological levels of Ca 2þ . This regulation of PLC activity by Ca 2þ in the 0.1 -1 mM range has been observed for the d (Allen et al. 1997 ) and z isoforms (Kouchi et al. 2004) but not for the b (Renard et al. 1987) , which is the isoform coupled to the G-protein pathway that is most frequently associated with hormone stimulation. However, these models differ in their assumptions about the nature of the negative feedback process required to switch off the Ca 2þ rise. Meyer and Stryer (Meyer and Stryer 1988) assumed that Ca 2þ started to decrease in the cytoplasm because of rapid pumping into the mitochondria, whereas Cuthbertson and Chay (Cuthbertson and Chay 1991) (Dupont and Erneux 1997) . Models taking this regulation into account predict the concomitant occurrence of InsP 3 and Ca 2þ oscillations. Interestingly, they also predict that these passive InsP 3 oscillations do not significantly affect the timing of the Ca 2þ spikes (Dupont and Erneux 1997; Dupont et al. 2003; Tanimura et al. 2009 ).
InsP 3 oscillations were reported in some cell types by monitoring the translocation of green In each category, only representative examples are indicated. Models indicated in the frame overlapping two columns are based on two distinct oscillatory mechanisms, one based on the InsP 3 R and one based on InsP 3 metabolism.
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fluorescent protein (GFP) tagged to the pleckstrin homology (PH) domain of PLC, thus reawakening interest for models based on oscillatory production of InsP 3 (Taylor and Thorn 2001) . Interestingly, concomitant oscillations of both InsP 3 and Ca 2þ have been mostly observed in cell lines expressing the mGluR5 receptor. These glutamate-induced Ca 2þ oscillations have unusual characteristics: most importantly, oscillations occur over a wide range of agonist concentration, their frequency is practically insensitive to the level of stimulation, and they are inhibited by PKC inhibitors. It is thus plausible that depending on the receptor type, different oscillatory mechanisms would prevail. In recent models for such types of oscillations, both oscillatory mechanisms (i.e., InsP 3 R-based and InsP 3 metabolism-based) are considered at the same time (Kummer et al. 2000; Hofer et al. 2002; De Pitta M. et al. 2009 ). This allows the period of InsP 3 R-based Ca 2þ oscillations to be controlled by the rate of InsP 3 synthesis, through the regulation of either PLC or PKC by Ca 2þ . Modeling has also been used to define experimental tests that could discriminate between an InsP 3 R-based and an InsP 3 metabolism-based mechanism. Sneyd et al. (2006) proposed to perturb agonist-induced Ca 2þ oscillations by the direct, artificial release of InsP 3 in the cytoplasm (flash photolysis of caged InsP 3 ). As shown in Figure 1 , the pattern of the Ca 2þ rise after such a spike very much depends on the underlying oscillatory mechanism. In a model where InsP 3 metabolism is at the basis of Ca 2þ oscillations, this sudden increase in InsP 3 will provoke a delay in the occurrence of the next Ca 2þ spike, which corresponds to the time required for the level of InsP 3 to go back to its normal range of concentrations during oscillatory cycles. Once this is done, the situation is similar to the prepulse one and no change in frequency is observed as clearly shown in the left panel of Figure 1 . The situation is drastically different for Ca 2þ oscillations occurring with a constant level of InsP 3 because of the sequential activation and inhibition of the InsP 3 R. In the framework of such a mechanism, the frequency of Ca 2þ oscillations directly depends on the (constant) level of system. The number of spikes necessary to the resettlement of the prepulse periodicity increases with the amount of InsP 3 released into the cell ; see also Chatton et al. [1998] ).
To test this hypothesis, InsP 3 was released by flash photolysis in methacholine-stimulated pancreatic acinar cells and in carbachol-stimulated smooth muscle cells. In pancreatic acinar cells, liberation of InsP 3 during agonist-induced Ca 2þ oscillations provoked a delay similar to the one shown in the left panel of Figure 1 , suggesting that PLC activation by Ca 2þ plays a predominant role in the oscillatory mechanism in this cell type. In contrast, the release of InsP 3 during methacholine-induced Ca 2þ oscillations in airway smooth muscle cells provokes a transient acceleration of Ca 2þ oscillations, as that seen in the right panel of Figure 1 . It is thus concluded that in this cell type, Ca 2þ oscillations rely on the InsP 3 R dynamics. More recently, Swann and Yu (Swann and Yu 2008) have applied the same testing protocol to fertilization-induced Ca 2þ oscillations in mouse eggs. As in panel A of Figure 1 , the InsP 3 pulse induced an immediate Ca 2þ spike followed by a delay longer than the period of oscillations before the next one. The return to the prepulse periodicity was straightforward. This is compatible with a mechanism whereby InsP 3 metabolism drives Ca 2þ oscillation, in agreement with the fact that PLCz, the PLC isoform triggering Ca 2þ oscillations in mammalian eggs, is activated by physiological Ca 2þ levels (Saunders et al. 2002; Dupont and Dumollard 2004) .
A second indirect method to assess the involvement of InsP 3 dynamics in the core oscillatory mechanism has been tested in CHO cells (Politi et al. 2006 All of the models discussed in the previous section are deterministic. This means that the effects of fluctuations (because of internal noise and microscopic inhomogeneities) are neglected. This is the common approach in modeling biochemical and chemical systems when the numbers of molecules involved in the process under interest are sufficiently large. In this case, stochastic fluctuations do not affect the average behavior of the ensemble, mainly because they statistically cancel each other out. For example, in electrophysiology, it is well known that the behavior of a few channels is random, but that the dynamics of neurons are very well described by deterministic equations of the Hodgkin-Huxley type.
An impressive number of studies have been devoted to the imaging of the Ca 2þ releasing activity of a small number of InsP 3 receptors in vivo. These can occur either spontaneously or at submaximal InsP 3 concentrations. As expected, these events appear to be inherently stochastic. Their amplitude and the interval among them vary significantly under the same conditions, allowing only for a statistical description. The smallest observed events, called blips, involve a rise in cytosolic Ca 2þ of about 40 nM and last in average 70 ms. These blips are believed to correspond to successive openings of a single InsP 3 receptor in the cytoplasm. This is possible because of the poor diffusing properties of Ca 2þ in the cytoplasm allowing for rapid rebinding of Ca 2þ on the channel activating sites, as indicated by quantitative models (Swillens et al. 1998 (Thomas et al. 2000; Bootman et al. 2002) and Xenopus oocytes (Marchant et al. 1999; Smith and Parker 2009) . These elementary events have been modeled using a stochastic description of the dynamics of the InsP 3 R (Swillens et al. 1999; Williams et al. 2008; Smith et al. 2009 ). These have for example allowed prediction of the approximate number of InsP 3 Rs present in a cluster site (Swillens et al. 1999 ). As we will see below, this notion of clustering of InsP 3 receptors, necessary to explain the existence of puffs, has important implications in our understanding of global Ca 2þ signals at the cell level.
In experiments, a rise in the level of InsP 3 transforms stochastic, elementary Ca 2þ increases into regular, periodic Ca 2þ increases propagating as waves in the cytoplasm. This transition would correspond to the fact that the rise in InsP 3 leads to an increase in the number of channels participating in the Ca 2þ dynamics. Thus, the effect of fluctuations would become rather small, allowing the transition into a deterministic regime (i.e., a regime in which the behavior of the system can be predicted, as opposed to random processes). To test this hypothesis, we have performed a statistical analysis of the regularity of Ca 2þ oscillations in noradrenaline-stimulated hepatocytes and found that the coefficient of variation of the period lies between 10% and 15%. Stochastic simulations taking into account realistic numbers of InsP 3 Rs (about 6000 in a typical hepatocyte) accounted for such variability, if the receptors are assumed to be grouped in clusters of a few tens of channels (Dupont et al. 2008; Dupont and Combettes 2009 ). This supports the idea that repetitive Ca 2þ spiking can be described as a deterministic oscillator. However, as the number of clusters is rather low, this oscillator is perturbed by noise leading to the 10-15% variation in the period. In agreement with this view, this coefficient of variation decreases with increasing levels of InsP 3 , as the number of active channels increases. That this is the case both in the model and in hepatocytes is shown in Figure 2 . (Falcke 2004; Skupin et al. 2008) . Interestingly, in this framework, spike initiation that corresponds to the time required for the concomitant opening of a few adjacent cluster sites can take very long as it is a random event. This would provide a possible explanation to the long periodicity of Ca 2þ oscillations as compared with the characteristic kinetic parameters of InsP 3 R dynamics (see above).
Stochastic simulations taking spatial aspects into account are computationally extremely expensive, and, in fact, can only be performed when assuming drastic simplifications. In this framework, "threshold" models can easily be used to simulate spatial propagation of Ca 2þ waves while taking stochastic effects into account. Threshold models, sometimes referred to "fire-diffuse-fire" models (Dawson et al. 1999; Thul et al. 2008 ) are based on the concept of excitability. The idea is that the cell consists on a set of Ca 2þ releasing sites spaced by region of the cytoplasm where Ca 2þ can only be diffused or be pumped back in the ER. At each releasing site, release will occur when Ca 2þ exceeds a threshold. These simulations lead to saltatory waves that much resemble experimental observations. Interestingly, the value of the threshold may be chosen to fluctuate to approximate the stochastic gating of receptors (Coombes et al. 2004 ). These studies allowed investigation of how noise can shape the dynamics of intracellular Ca 2þ waves.
Perspectives in Modeling Ca 2þ Oscillations
The detailed characteristics of Ca 2þ oscillations vary considerably from one cell type to another. In view of the large number of physiological responses mediated by Ca 2þ , these changes may have significant implications. Modeling can be used to capture some detailed and quantitative understanding of this cell-to-cell variability. As an important factor, cells differ in their levels of expression of the three isoforms of the InsP 3 R. This can be considered in models by simulating three distinct populations of channels, differing in their regulatory properties by Ca 2þ and InsP 3 . Simulations then point to the fact that modest changes in the regulatory properties of the InsP 3 R can lead to significantly different oscillatory patterns, even if the bellshaped dependence of the open probability on the level of Ca 2þ are only slightly altered (Dupont and Combettes 2006) . In particular, the model shows that the robustness of Ca 2þ oscillations is clearly isoform-dependent, with type 2 being the most robust. This agrees with experiments wherein the levels of expression of the various InsP 3 R subtypes have been genetically modified in DT40, HeLa, and COS-7 cells (Miyakawa et al. 1999; Hattori et al. 2004) .
Surprisingly, many factors that are known to alter Ca 2þ oscillations have not yet been extensively considered in models. For example, despite the large number of experimental studies devoted to the mechanism of Ca 2þ entry (Putney and Bird 2008) , most models for (Halestrap 2009) . Although some models have been developed to explain the pumping and releasing properties of suspensions of mitochondria (Selivanov et al. 1998) , their implication in intact cells have rarely been investigated theoretically (Marhl et al. 1998; Fall and Keizer 2001) . As a last example, much remains to be performed in the field of intercellular Ca 2þ wave propagation in which the oscillatory signal is coordinated at the organ level. Although quite well understood at the level of the communication among a few cells (Sneyd et al. 1995; Dupont et al. 2000; Hofer et al. 2002; Gracheva and Gunton 2003) , signal transmission on large populations of cells remains puzzling. Such communication has vital implications as in the case of liver regeneration (Nicou et al. 2007) or in the brain (Haas et al. 2006 The release of Ca 2þ from intracellular stores, whether by maximal or submaximal concentrations of agonists, is generally accompanied by an increased influx of Ca 2þ across the plasma membrane (Putney et al. 1981 (Kwan et al. 1990; Bird and Putney 2005) . This is also true for Ca 2þ oscillations; lanthanide insulation permits sustained oscillations in the absence of extracellular Ca 2þ (Sneyd et al. 2004; Bird and Putney 2005; Di Capite et al. 2009) (Fig. 3 ). This will be important in considering arguments about the physiological function of Ca 2þ oscillations in a subsequent section.
In most cell types, especially in nonexcitable cells, release of store Ca 2þ activates influx through store-operated Ca 2þ (SOC) channels (Putney 1986; Parekh and Putney 2005) . The most extensively studied and characterized SOC current is the calcium-release-activatedcalcium current (I crac ) (Hoth and Penner 1992; Parekh and Putney 2005) . The channels underlying I crac have thus been referred to as CRAC channels, which may represent a specific type of SOC channel. The properties of CRAC channels include high Ca 2þ selectivity and very low single channel conductance (Parekh and Putney 2005) . However, both store-operated Ca 2þ fluxes (generally measured by use of fluorescent Ca 2þ indicators) as well as I crac have been most commonly investigated utilizing strategies that produce extensive, nearly complete depletion of endoplasmic Ca 2þ stores, rather than under conditions of modest depletion as expected during Ca 2þ oscillations. Indeed, the nature of the Ca 2þ influx mechanism that supports Ca 2þ oscillations has been the subject of some debate. Shuttleworth suggested that, rather than store operated channels, channels activated by arachidonic acid is necessary to maintain oscillations (Shuttleworth 1999) . Such channels clearly exist and the Ca 2þ -selective current underlying arachidonic acid-activated entry, termed I arc , has been well characterized (Shuttleworth et al. 2004 ). The physiological function of these channels is less clear, however. The idea that ARC channels are involved in Ca 2þ entry was based largely on pharmacological evidence utilizing a phospholipase A 2 inhibitor of questionable specificity (Bird and Putney 2005) . On the other hand, use of Gd 3þ (at low mM concentrations) and 2-aminoethyldiphenyl borate (2APB), two known inhibitors of SOC channels, caused rundown of muscarinic receptor-induced Ca 2þ oscillations in HEK293 cells in a manner indistinguishable from that seen by simple omission of extracellular Ca 2þ (Bird and Putney 2005) .
Store-Operated Ca 2þ Channels
The major molecular components of the SOC entry pathway are STIM (STIM1 and 2) and Orai (Orai1, 2, and 3) (Frischauf et al. 2008 ). STIM1 and 2 reside in the endoplasmic reticulum where they function as sensors of endoplasmic reticulum Ca 2þ content. Both proteins have a Ca 2þ -binding EF-hand motif in the Nterminus, directed toward the lumen of the endoplasmic reticulum (Dziadek and Johnstone 2007) . A drop in endoplasmic reticulum Ca 2þ content causes Ca 2þ to dissociate from STIM1. This results in a conformational change (Zheng et al. 2008 ) that permits self-association of STIM molecules . In this poorly defined aggregated state, STIM localizes to near plasma membrane junctions (Orci et al. 2009 ) where it appears to be capable of directly interacting with Orai subunits of the storeoperated channels (Park et al. 2009 ). There are also a number of publications implicating members of the TRPC (canonical transient receptor potential) cation channel family as candidate SOC channels (Birnbaumer et al. 2000; Rosado and Sage 2000; Abeele et al. 2003; Albert and Large 2003; Beech 2005; Ambudkar 2006; Huang et al. 2006 ). However, some of the published findings implicating TRPCs as SOC channels could not be reproduced (DeHaven et al. 2009 ). Nonetheless, it is clear that activation of phospholipase C activates Ca 2þ -permeable TRPC channels (Vazquez et al. 2004) and it is thus possible that they will play a role in Ca 2þ oscillations. In the HEK293 cell model, and consistent with the pharmacological data, knockdown by RNAi of either STIM1 or Orai1 in HEK293 essentially completely abrogated Ca 2þ oscillations (Wedel et al. 2007 ). However, these proteins are also thought to play a role in the arachidonic acid pathway (Shuttleworth et al. 2007; Mignen et al. 2008) . The role of STIM1 in ARC channel activation is quite different from that for SOC channels. ARC channels require STIM1 in the plasma membrane (Shuttleworth et al. 2004) , whereas for the SOC channels, STIM1 is only necessary in the endoplasmic reticulum (Mercer et al. 2006) . Thus, it is significant that loss of sustained oscillations following RNAi knockdown of STIM1 could be reversed by expression of a STIM1 construct modified to preclude its translocation to the plasma membrane (Wedel et al. 2007) . In aggregate, the evidence convincingly supports the view that in the HEK293 cell model, the Ca 2þ entry underlying Ca 2þ oscillations is store-operated Ca 2þ entry (Putney and Bird 2008) .
During the process of Ca 2þ oscillations, the quantity of Ca 2þ discharged with each spike can be quite small (Bird and Putney 2005) . Thus, it is presumed that when even a small amount of Ca 2þ is lost from the endoplasmic reticulum, STIM is activated and causes Orai channels to open sufficiently to maintain intracellular Ca 2þ stores. In this context, it is important to consider the sensitivities of the two STIM proteins, STIM1 and STIM2, to Ca 2þ store depletion. When stores are gradually depleted of Ca 2þ , STIM2 begins to move to the plasma membrane before STIM1 (Brandman et al. 2007; Bird et al. 2009 ). In addition, overexpression of STIM2, but not STIM1, results in constitutive Ca 2þ entry (Soboloff et al. 2006b; Brandman et al. 2007; Parvez et al. 2008; Bird et al. 2009 ). These findings suggest that STIM2 is responsive to a very small degree of Ca 2þ store depletion and is apparently partially active under resting conditions. STIM1 on the otherhand, appears to require a substantial degree of Ca 2þ store depletion before it can be activated. It was thus somewhat surprising that when the relative roles of STIM1 and STIM2 in Ca 2þ oscillations were assessed, it was STIM1 rather than STIM2 that was required ).
In the HEK293 cell model used for these studies, Western analysis clearly showed the presence of STIM2 in quantities similar to those for STIM1 ).Why then did the STIM2 play no significant role in supporting the Ca 2þ oscillations? The answer is probably that STIM2 is a very inefficient activator of Orai channels. When both STIM2 and STIM1 are overexpressed in cells, STIM2 appears to act as an inhibitor of STIM1 (Soboloff et al. 2006a) , as would be expected if its interaction with Orai channels is relatively ineffective. This should not be surprising if in fact STIM2 is already partially active under basal conditions. Nonetheless, when STIM2 is overexpressed in cells, along with overexpressed Orai1, large STIM2-dependent Ca 2þ influx signals can be observed (Parvez et al. 2008) . However, the stoichiometry of STIM2 and Orai1 is unknown in this condition, such that the relative efficiency of STIM2 as an activator of Orai1 cannot be evaluated. To compare the efficiency of STIM1 and STIM2 under conditions of similar stoichiometry with Orai1, the EF-hand mutants of STIM1 and STIM2 were transiently transfected into HEK293 cells, but without transfecting the cells with additional Orai1 ). In this condition, STIM1 or STIM2 is presumed to be in considerable excess relative to the native Orai1. The EF-hand mutants of STIM1 and 2 are constitutively active, precluding the need for store depletion and thereby eliminating any contribution from endogenous STIM proteins. The result of this experiment was a robust constitutive entry of Ca 2þ in the cells expressing the EF-hand mutant of STIM1, but no constitutive entry in cells expressing the EF-hand mutant of STIM2, consistent with the idea that STIM2 is a much poorer activator of Orai1 channels .
Thus, at least in HEK293 cells, the Ca 2þ entry that supports Ca 2þ oscillations is triggered by STIM1 interacting with and activating plasma membrane Orai1 channels. This suggests that during the oscillations, the endoplasmic reticulum Ca 2þ concentration falls into the range in which STIM1 is activated. This presumably occurs in a small domain of the endoplasmic reticulum situated in close proximity to the plasma membrane, and this is consistent with earlier suggestions that there is a subcompartment of the endoplasmic reticulum that is specifically involved in regulating plasma membrane SOC channels (Ribeiro and Putney 1996; Parekh et al. 1997; Orci et al. 2009 ).
Physiological Relevance of SOC Channels for Cellular Signaling
The aforementioned scenario is relevant to a long standing question in the Ca 2þ signaling field: what is the functional significance of Ca 2þ oscillations? The generally accepted answer to this question is that Ca 2þ oscillations provide a digital signal to downstream effectors and this is advantageous at low levels of signaling because of the high signal-to-noise discrimination of digital information encoding (Meyer et al. 1992; Thomas et al. 1996; Berridge 1997; Dolmetsch et al. 1998) . Implicit in this
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Advanced Online Article. Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101/cshperspect.a004226 conclusion is that the effectors downstream of the Ca 2þ oscillations must have at least moderately elevated thresholds for responding, providing high signal-to-noise and preventing any ambiguity in distinguishing a true signal from random fluctuations. One well established target of Ca 2þ released from the endoplasmic reticulum through InsP 3 receptors is the mitochondria (Rizzuto et al. 1992; Hajnó czky et al. 1995; Rizzuto et al. 1998; Rizzuto and Pozzan 2006) . The mitochondrial uniporter, responsible for accumulation of Ca 2þ , has a sensitivity to Ca 2þ well above the physiological range of global Ca 2þ changes (Blaustein et al. 1977; Burgess et al. 1983 ). Yet, the positioning of uptake sites close to sites of release, provides a kind of intracellular synapse assuring that bursts of local Ca 2þ release are read by mitochondria, resulting in the activation of important Ca 2þ -regulated mitochondrial enzymes (Csordas et al. 2006) .
But in addition to mitochondrial function, Ca 2þ signaling, most commonly through some kind of oscillatory mechanism, regulates a large variety of downstream effectors. There is evidence that some of these are tightly coupled to Ca 2þ entering through SOC channels. One of the most extensively documented and investigated examples is the requirement for Ca 2þ influx through CRAC channels for activation of calcineurin/NFAT signaling in T-lymphocytes (Oh-Hora 2009). Because activation of this pathway is known to require Ca 2þ elevation for hours, it is implicitly understood that Ca 2þ influx is necessary to maintain signaling over such a prolonged period. And it is clear that signaling fails in the absence of Ca 2þ influx through CRAC channels (Feske et al. 2006) . However, it is not clear whether Ca 2þ entry provides the Ca 2þ directly responsible for activation of calcineurin/NFAT signaling, or rather serves to maintain intracellular stores such that continued release through InsP 3 receptors can activate the pathway. There are a few studies that have experimentally shown the specific requirement of Ca 2þ entering through SOC channels. Perhaps the first such Ca 2þ -sensitive effectors found to be closely coupled to SOC entry were some of the Ca 2þ -regulated adenylyl cyclases (Cooper et al. 1994) . Another example elegantly showed in a study from Parekh's laboratory is cytoplasmic phospholipase A2 (cPLA2) (Chang et al. 2006) , an important Ca 2þ -regulated effector in many cells in the immune system and elsewhere. In the mast cell line RBL-1, Ca 2þ store depletion activates plasma membrane CRAC channels, which leads to cPLA2 activation. The activation of cPLA2 was mediated by extracellular signal regulated kinases (ERKs). The ERKs are apparently activated by protein kinase C a, which is the likely target of Ca 2þ entering through the CRAC channels (Chang et al. 2006) . In this same study, it was shown that activation of the early gene, c-fos, was also closely coupled to Ca 2þ entering through CRAC channels but was not dependent on ERK activation. The dependence of these responses specifically on Ca 2þ entry was shown by use of the "lanthanide insulation" technique described above . Thus, in the absence of extracellular Ca 2þ but in the presence of high concentrations of lanthanides, depletion of Ca 2þ stores with thapsigargin induced large sustained elevations of cytoplasmic Ca 2þ , yet cPLA2 was not induced (Chang et al. 2008 ). This result indicated that the global rise in intracellular Ca 2þ was not important for activation of gene expression, rather it was the Ca 2þ specifically entering through the plasma membrane CRAC channels.
The above-discussed examples all used supramaximal stimuli to produce large, sustained increases in Ca 2þ influx. In one study, the role of Ca 2þ influx in activating gene expression during Ca 2þ oscillations was investigated. Di Capite et al. (2009), following on the earlier demonstration of c-fos induction by SOC entry, examined the activation of c-fos expression in response to Ca 2þ oscillations induced by modest concentrations of leukotriene C4 applied to RBL-1 cells. By use of the "lanthanide insulation" technique, oscillations were obtained in the absence of extracellular Ca 2þ , but in the presence of high lanthanum and these oscillations were sustained and indistinguishable from those in the presence of extracellular Ca 2þ . However, c-fos was only induced in the presence of extracellular Ca 2þ when Ca 2þ influx could occur through the CRAC channels. Thus, it may be concluded that in this instance the global rise in Ca 2þ associated with Ca 2þ oscillations is irrelevant for activation of the pathway that leads to c-fos activation. Rather, Ca 2þ entering through the plasma membrane CRAC channels couples specifically to the initial steps in this signaling pathway (Di Capite et al. 2009 ).
The generality of this scenario remains to be shown. Indeed, gene expression can clearly be turned on in some experimental situations by elevations in global Ca 2þ (Dolmetsch et al. 1998) . Also, it is clear that Ca 2þ released by IP 3 Rs can also be coupled to specific signaling pathways. The clearest such example is the regulation of carbohydrate and energy metabolism through close IP 3 R-mitochondrial coupling (Rizzuto and Pozzan 2006) . Nonetheless, a specialized signaling function of SOC channels fits nicely with the previously related story of Ca 2þ entry signaling by STIM1 during oscillations. If in fact Ca 2þ entering through SOC channels can provide the key signal for downstream pathways, then it is not so surprising that STIM1 and not STIM2, provides the link between the oscillations and the SOC channels. It has for some time been supposed that the digital nature of cytoplasmic Ca 2þ oscillations provides a high signal-to-noise signal input to downstream Ca 2þ -regulated effectors, obviating the possibility of small unintentional signaling fluctuations. Because STIM1 requires a threshold of Ca 2þ store depletion for activation, this then means that a Ca 2þ oscillation, producing a transient but apparently substantial drop in ER luminal Ca 2þ , will produce a transient activation of STIM1 and an incremental activation of the SOC channel. Small fluctuations in ER Ca 2þ will not affect STIM1, preventing unintentional activation of SOC channels. However, small fluctuations in ER Ca 2þ can activate STIM2 which will produce small activation of SOC channels sufficient to keep stores filled, but insufficient to activate downstream effectors. With this reasoning, the rise in cytoplasmic Ca 2þ that is experimentally observed during Ca 2þ oscillations is not directly relevant to the signaling pathway, except insofar as it reflects the digital drop in ER Ca 2þ and subsequent activation of SOC channels. By similar reasoning, one would speculate that in some cell types, or in response to specific stimuli, SOC channels do not function to maintain intracellular stores so that InsP 3 -induced release can activate downstream signaling; rather one might conclude that during Ca 2þ oscillations, InsP 3 -induced release functions to drive ER Ca 2þ into the STIM1 sensing range, resulting in SOC channel opening and activation of downstream signaling. This would require not only spatial organization of the immediate downstream Ca 2þ sensor, but also some degree of localized endoplasmic reticulum depletion because during a single Ca 2þ oscillation, the extent of global endoplasmic reticulum depletion is quite small.
CONCLUSIONS
In this review, we have analyzed two major aspects of Ca 2þ oscillations. First, we show how the use of computational models of Ca 2þ oscillations can lead to a number of important conclusions about mechanisms of generation of oscillations. Models indeed allow us to conceptualize and quantify intuitive reasoning, which is particularly useful for oscillatory phenomena. We also emphasize the need for specific modeling approaches depending on the cell type, the stimulus and the specific aspect of Ca 2þ signaling of interest. Second, we review recent findings indicating an important role for storeoperated Ca 2þ entry in Ca 2þ oscillations and particularly in the physiological mechanism by which the digital information contained in the oscillations is linked to downstream effectors. Hopefully, continued research in these two areas will further increase our understanding of the mechanisms and meaning of the fascinating phenomena, Ca 2þ oscillations. 
